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Time-resolved scanning Kerr microscopy (TRSKM) has been used to image precessional magnetization dy-
namics excited by a DC current within a nano-contact (NC) spin Hall nano-oscillator (SHNO). Injection of
a radio frequency (RF) current was used to phase lock the SHNO to the TRSKM. The out of plane mag-
netization was detected by means of the polar magneto optical Kerr effect (MOKE). However, longitudinal
MOKE images were dominated by an artifact arising from the edges of the Au NCs. Time resolved imaging
revealed the simultaneous excitation of a non-linear ‘bullet’ mode at the centre of the device, once the DC
current exceeded a threshold value, and ferromagnetic resonance (FMR) induced by the RF current. How-
ever, the FMR response observed for sub-critical DC current values exhibits an amplitude minimum at the
centre, which is attributed to spreading of the RF spin current due to the reactance of the device structure.
This FMR response can be subtracted to yield images of the bullet mode. As the DC current is increased
above threshold, the bullet mode appears to increase in size, suggesting increased translational motion. The
reduced spatial overlap of the bullet and FMR modes, and this putative translational motion, may impede
the injection locking and contribute to the reduced locking range observed within NC-SHNO devices. This il-
lustrates a more general need to control the geometry of an injection-locked oscillator so that the autonomous
dynamics of the oscillator exhibit strong spatial overlap with those resulting from the injected signal.
Within a spin torque oscillator (STO), magnetic auto-
oscillations, with MHz to GHz frequencies, are driven by
the spin transfer torque (STT) associated with injection
of DC spin current. Their frequency and amplitude can
be tuned via either the DC electrical bias current or an
applied magnetic field, while the magnetoresistance of
the constituent materials leads to the generation of volt-
age oscillations. STOs have strong potential for mag-
netic sensing, signal processing, and neurmorphic com-
puting applications1,2. The ability to lock the frequency
and phase of the STO to an injected RF signal is an
important property within applications, while arrays of
STOs promise increased output power through mutual
synchronization. However it is first necessary to under-
stand the character of the underlying magnetization dy-
namics. More specifically, the dynamics excited by both
DC and RF currents must be determined if the conditions
required for phase-locking are to be fully understood.
Within a spin Hall nano-oscillator (SHNO) the Spin
Hall effect (SHE)3,4 drives a pure spin current from a
heavy metal with large spin-orbit interaction into a fer-
romagnet layer5–7. The de-coupling of charge and spin
currents opens up new device geometries, for example
enabling exploitation of magnetic insulators8, and in the
present study, allows optical access to the active region
of the device.
The generation of magnetic auto-oscillations requires
a critical spin current density to be exceeded. Within
the SHNO the injected charge current is concentrated
within a small region of the heavy metal, either by over-
laying thick needle-shaped nano-contacts (NCs) on the
heavy metal layer ,5,9–13 or by forming a nanoconstric-
tion within the heavy metal/ ferromagnet bilayer14–19.
SHNOs of both kinds have been studied by Brillouin
Light Spectroscopy (BLS), microwave spectroscopy and
micro-magnetic simulations. While the spectral charac-
teristics of the dynamics have been explored, the time-
dependent magnetization has not been measured directly.
Here time resolved scanning Kerr microscopy
(TRSKM)20–23 is used to study NC-SHNO devices.
The response to both a radio frequency (RF) current
IRF , and a DC current IDC when phase-locked to an
injected IRF , are observed. The source of the contrast
observed in longitudinal and polar magneto optical Kerr
effect (MOKE) measurements is first explained, before
the spatial character of the magnetization dynamics
induced by RF and DC currents is determined. Finally,
the implications for effective injection locking and
optimisation of the device geometry will be discussed.
NC-SHNOs were fabricated by a combination of sput-
ter deposition and electron-beam lithography. A 4µm
Py(5 nm)/Pt(6 nm) bi-layer disk was first defined upon a
Al2O3 substrate, before two triangular Au(150 nm) NCs,
with tip separation d, were overlaid as shown in Figure
1(a). The NCs are intended to concentrate electrical cur-
rent within the Pt at the NC tips. The charge current
generates a spin current, via the SHE, that propagates
from the Pt into the Py. Once the STT compensates the
damping, a self-localized non-linear spin wave ”bullet”
mode is formed. While other modes can be supported
within the disk, e.g. propagating waves when the Py is
magnetized normal to the plane,13 the bullet mode is of
particular interest due to its narrow linewidth and tune-
able frequency.
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2FIG. 1. (a) SEM image of a typical SHNO, where I is the
injected current, σ the corresponding spin polarization, d the
NC separation, and H the magnetic field applied at angle θH .
(b) Voltage Spectral Density (VSD) of microwave emission
from a SHNO with d = 240 nm at fixed magnetic field H
= 650 Oe and θH = 210
◦ for different values of IDC . (c)
Microwave emission from a SHNO with d = 180 nm for IDC
= 18 mA, with magnetic field H oriented at θH = 150
◦. The
red squares show resonance fields determined by STT-FMR
measurements of the same device, while the solid black curve
is a fit that is described within the main text. (d) Emission
from a device with d = 200 nm when IDC = 16 mA and IRF
has amplitude of 0.9 mA and frequency of 6 GHz. Squares
identify the centre of peaks fitted to the emission spectra. The
red dotted curve represents the line centre for free-running
oscillations when IRF = 0 mA. The inset shows the emission
spectrum at the edge of the locking region, from which a back-
ground spectrum acquired with IDC = 0 has been subtracted.
Initial microwave electrical measurements were per-
formed by connecting a selected device to a bias-tee. The
inductive and capacitative arms were used to supply IDC
and IRF respectively, while the RF signal from the de-
vice was directed into a spectrum analyzer via a circu-
lator and +24 dB pre-amplifier. Stroboscopic TRSKM
measurements were performed with a vector quadrant
bridge detector that exploits different magneto optical
Kerr effect (MOKE) geometries to simultaneously detect
the three spatial components of the dynamic magnetiza-
tion and the optical reflectance24. The dynamics must
be synchronized, via the injected IRF , to an exact multi-
ple of the 80 MHz repetition rate of the laser within the
TRSKM. The phase of IRF is then adjusted relative to
the laser pulses so that the time evolution of the magne-
tization dynamics can be observed. Measurements were
performed with phase modulation of IRF to enhance the
signal to noise ratio. The laser pulses had 800 nm wave-
length, and were focused to a spot of ∼870 nm FWHM
diameter by a microscope objective with 10.1 mm work-
ing distance and 0.55 numerical aperture22.
Electrical measurements were performed to identify
the bullet mode and confirm locking to IRF . Figure 1(b)
shows emission from a NC-SHNO with d = 240 nm when
IDC exceeds ∼18 mA. The frequency red-shifts with in-
creasing IDC , while no emission is observed if the sign of
either H or IDC is changed, in agreement with the ex-
pected symmetry of the SHE. Figure 1(c) shows the field
and frequency dependence of both the Ferromagnetic
Resonance (FMR) f , determined from separate STT-
FMR measurements (consistent with previous work10,25),
and the microwave emission from the same device with
d = 180 nm. The FMR frequency has been fitted to the
well known formula f = (γ/2pi)
√
[H(H + 4piM)] where
(γ/2pi) = (g/2)× 2.80 MHz/Oe with g = 2, and M =
604 ± 50 emu/cm3. For a given frequency, microwave
emission is observed at a field close to but greater than
that of the FMR mode. The dependence of the frequency
upon H and IDC is consistent with previous observations
of the bullet mode12.
Figure 1(d) shows locking of a bullet mode of 6 GHz
frequency to an injected IRF of the same frequency for a
device with d = 200 nm. As H is decreased from its maxi-
mum value, the frequency of emission is “pulled” towards
6 GHz, where it remains within the locking range. Due
to the smaller signal amplitude, the pulling is not seen
at the lower end of the locking range. Within the locking
range, increased output power and reduced linewdith oc-
curs, although here it is masked by the residual injected
IRF that reaches the spectrum analyzer. An intermodu-
lation mode can also be observed, decreasing in frequency
with increasing field. Locking could also be achieved by
injection of IRF with frequency of 12 GHz (see supple-
mentary material) but IRF ∼ 3.5 mA was required to
achieve even a narrow locking range, which has been at-
tributed to thermal noise enhanced by the spin current9.
Therefore TRSKM measurements were performed with
the frequency of IRF set to 6 GHz so as to minimise the
amplitude of IRF required to achieve locking.
Figure 2(a) shows TRSKM images, of a device with d
= 200 nm, acquired with the bullet mode locked to IRF ,
and when IRF is still present but IDC = 0 mA. In the lat-
ter case, IRF drives the FMR with H detuned from the
line centre. The addition of IDC leads to additional dy-
namics in all three magnetic channels. In the polar chan-
nel, localized precession is observed between the NC tips,
with a different phase to the dynamics in the extended
disk (detailed within the supplementary material). By
subtracting the images acquired with and without IDC ,
the dynamic response due to IDC may be estimated, as
shown in Figure 2(b). The subtracted images for the two
in-plane (horizontal and vertical) channels each exhibit
a spatially antisymmetric structure centred on the peak
observed in the polar contrast, but occupying a some-
what larger area of ∼ 2µm diameter. The subtraction
yields negligible residual contrast in the extended region
of the disk, confirming that the bullet mode is tightly
3FIG. 2. (a) TRSKM images acquired from the polar (out
of plane), horizontal, vertical and reflected intensity channels
of the vector bridge detector for a NC-SHNO with d = 200
nm, H = 650 Oe, θH = 210
◦, and IRF = 1.4 mA at 6 GHz
frequency. IDC = 16 mA and 0 mA in the upper and lower
panels respectively. (b) The difference of the upper and lower
images from (a) is shown, revealing contrast due to the pres-
ence of IDC only. Each image shows a 5 µm square region.
confined at the centre of the disk.
Further measurements at different time delays con-
firmed that the contrast in the magnetic channels oscil-
lates with IRF , and with the same relative phase, which is
unexpected if the magnetization undergoes a circular or
elliptical precession. Furthermore, since H is applied 30◦
from the horizontal axis, the amplitude of the dynamic
magnetization is expected to be significantly greater in
the vertical as compared to the horizontal direction, while
in fact these two components were found to have compa-
rable amplitude. To aid the interpretation, micromag-
netic simulations were performed, using MuMax 3 after
the current distribution and associated Oersted field had
been calculated in COMSOL26,27. The magnetization of
the permalloy disk was allowed to relax with H = 1 kOe
and before the DC spin current and additional Oersted
field were applied.
Images of the simulated bullet mode are presented in
Figure 3(a) for the configuration in Figure 2. Initial sim-
ulations showed that the bullet quickly escapes the active
area and is damped within the extended disk. Therefore
a pinning site was introduced in the form of either a single
cell discontinuity in the magnetization, or a reduction in
saturation magnetization with Gaussian spatial profile of
5% peak value and ∼ 240 nm FWHM as in Figure 3(a).
This led to a bullet mode that was stable for a finite
range of IDC values, as well as an additional mode that
was localized in the non-uniform Oersted field associated
with the injected charge current. The latter mode lies at
higher frequency than the bullet mode, but was not ob-
served in the room temperature electrical measurements
of Figure 1, and so is not expected to appear in TRSKM
measurements. Both the bullet and field-localized modes
were found to have spatial and spectral character consis-
tent with previous simulations12,13. The need to pin the
FIG. 3. (a) Simulated magnetization profile at different phase
values within the cycle of auto-oscillation, with field H = 1
kOe applied at θH = 210
◦. The arrows indicate the projec-
tion of the magnetization within the plane, while the grayscale
represents the out of plane component. The images show the
bullet mode with ∼ 70 nm diameter at the center of the de-
vice. The orientation of the coordinate axes is shown, while
the origin lies at the center of the device. The lower right
panel shows the time-averaged magnetization while the hori-
zontal x axis indicates two areas of interest, (i) the area imme-
diately surrounding the bullet, and (ii) the core of the bullet
mode. (b) Magnetization trajectories are shown for different
points on the x axis. Arrows show the direction of preces-
sion over 1 cycle of oscillation. (c) Schematic to illustrate the
artefact that generates contrast in the horizontal and verti-
cal channels. Arrows indicate the direction of propagation of
rays.
bullet may imply that the spin current produces a local
reduction of the spontaneous magnetization that is not
captured by the present simulations.
While the bullet mode exhibits large angle precession,
the images in Figure 3(a) do not reproduce the spatially
antisymmetric character observed in the measured hori-
zontal and vertical components. The core of the bullet
mode undergoes the largest angle of precession. Figure
3(b) shows magnetization trajectories at different dis-
tances from the center of the disk along the x axis, within
two regions of interest, (i) outside and (ii) within the core
of the bullet mode. The trajectories are plotted for one
cycle of the bullet mode. They are not closed because the
motion results from a superposition of the bullet mode
with the field-localized mode that has a somewhat dif-
4FIG. 4. (a) Polar TRSKM images acquired for different IDC values with the phase of IRF fixed. (b) Maximum absolute values
of polar Kerr rotation extracted from the images in (a). (c) TRSKM images from (a) after subtraction of the IDC = 0 mA
image. All images were recorded from a NC-SHNO with d = 240 nm, with IRF = 0.8 mA, H = 650 Oe and θH = 210
◦.
ferent frequency. Outside the core region the magnetiza-
tion undergoes elliptical precession about an axis parallel
to the applied field. At the edge of the core region, at
x = −35 nm, the average magnetization is close to zero
with an in-plane precession angle of ∼ 270◦. Within the
core the precession amplitude increases further so that
the trajectory crosses over itself with the magnetization
effectively precessing about a direction anti-parallel to
the applied field. The magnetization precesses with the
same phase at all positions within the disk. Simulations
performed with an additional IRF demonstrated slightly
improved stability of the bullet, but otherwise were of
similar character.
Difference images, calculated from simulated images
separated by 180◦ in phase, were convolved with a 870
nm FWHM Gaussian profile to more closely reproduce
the experimental images. Again they did not reproduce
the spatially antisymmetric contrast observed in the ver-
tical and horizontal channels. Further tests showed that
the antisymmetric contrast was observed only when the
bullet mode was present, ruling out mechanisms such as
polarization of the Pt by IRF via the SHE. Therefore the
in-plane contrast must be an artefact associated with the
optical probe overlapping the edge of the 150 nm thick
NCs, while in proximity to the bullet mode. Figure 3(c)
provides a schematic representation of the likely mecha-
nism. As the probe passes over the NCs the beam return-
ing to the detector is partially obstructed. Crucially the
symmetry between rays propagating in opposite direc-
tions within the cone is broken. The resulting difference
in intensity of the two halves of the back-reflected beam,
combined with a finite polar Kerr rotation due to the
bullet mode, manifests as a signal similar to that due to
the longitudinal MOKE from an in-plane component of
magnetization28. It follows from the NC geometry that
a top-bottom antisymmetry is observed in the vertical
channel and a left-right antisymmetry in the horizontal
channel.
The polar images are unaffected by the artefact. Fig-
ure 4(a) shows polar images, of a device with d = 240 nm,
acquired for different IDC values, with the phase and am-
plitude of IRF fixed. While the FMR mode is observed
throughout the disk for all IDC values, the amplitude of
the Kerr rotation at the NC tips is observed to increase
markedly for current values in the range 17 to 19 mA.
By extracting the maximum absolute Kerr rotation from
Figure 4(a), a clear threshold behaviour, characteristic of
the bullet mode, can be observed, that is plotted in Fig-
ure 4(b). For small IDC values the amplitude of the FMR
mode increases gradually with increasing IDC as the in-
jection of DC spin current into the Py layer compensates
the damping. In Figure 4(c) the images from Figure 4(a)
have been replotted after subtracting the image for which
IDC = 0. For IDC > 10 mA a region of negative contrast
appears to the right of the NCs. The asymmetry of the
FMR response about the centre of the device reflects the
mixed symmetry of the torques present. The STT and
the torque due to the in-plane Oersted field are symmet-
ric about the centre while the torque due to the out of
plane Oersted field is antisymmetric29.
The electrical data of Figure 1(b) revealed the presence
of a bullet mode for IDC values between 18 and 20 mA.
However Figure 4 shows strong out of plane dynamics at
the NC tips for IDC = 17 mA, that is still present when
IDC = 19 mA. The reduced threshold value of IDC is due
to the presence of the IRF , as observed previously
9. Fig-
ures 4(a) and (c) also show that the apparent size of the
bullet mode depends upon IDC . Comparing the images
for IDC values between 17 and 19 mA, the bullet mode
appears to occupy a larger region as IDC is increased,
with some reduction in the maximum Kerr amplitude.
This might be explained by increased phase noise at the
centre of the bullet suppressing its peak amplitude and
causing its apparent width to increase. However, since
the diameter of this region is an order of magnitude
greater than that of the simulated bullet mode in Figure
3(a), it seems more likely that the bullet instead devel-
ops significant translational motion when phase-locked to
IRF .
It is clear from Figures 2(a) and 4(a) that the FMR
induced by IRF exhibits a minimum at the centre of the
device. A more detailed optically-detected STT-FMR
study has confirmed that the torques due to IRF also ex-
hibit a minimum, which is attributed to lateral spreading
of IRF due to the reactance of the device.
29 The present
study shows that the bullet and FMR modes exhibit weak
5spatial overlap. It is reasonable to expect that the bullet
may be pulled towards where the STT arising from IRF
is larger, and may exhibit translational motion relative
to the centre of the device. The bullet could either es-
tablish a stable trajectory, or escape and be damped in
the extended disk (see supplementary material), allow-
ing another bullet to form at the centre and repeat the
process. Increasing IDC is likely to increase the mobility
of the bullet, allowing it to move further from the cen-
tre. Since the linewidth of the emission in Figure 1(b)
is only weakly dependent on IDC , formation of a stable
trajectory seems more likely. Both the lack of spatial
overlap of dynamics induced by IDC and IRF , and the
translational motion of the bullet, may impede injection
locking, and contribute to the NC-SHNO being difficult
to lock9 compared to other STO devices.
In summary, time resolved images of an injection-
locked non-linear bullet mode within a NC-SHNO have
been obtained. The injected IRF excites a FMR mode
that exhibits weak spatial overlap with the bullet mode.
The apparent size of the bullet increases with DC cur-
rent, which is suggested as being due to increased trans-
lational motion of the bullet when the RF current is
present. Further work is required to determine the trajec-
tory of the bullet. The translational motion and the lack
of spatial overlap of the bullet and FMR modes may im-
peded injection-locking of the NC-SHNO. This illustrates
a more general need to control the geometry of injection-
locked oscillators so that the autonomous dynamics of
the oscillator exhibit strong spatial overlap with those
resulting from the injected signal.
SUPPLEMENTARY MATERIAL
The supplementary material contains additional mi-
crowave spectroscopy and TRSKM datasets, and further
details of micromagnetic simulations.
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